ABSTRACT Evolutionary and ecological factors were used to assess the likelihood that low winter temperatures limit the range of Diatraea grandiosella Dyar (southwestern corn borer) in the east central United States. In controlled low-temperature mortality trials, dry diapausing laboratoryreared larvae were exposed for 2 d to constant temperatures, ranging from Ϫ6.9 to Ϫ10.0ЊC. Mortality of larvae originating from Indiana at the northern range edge was not signiÞcantly different from mortality of larvae from Mississippi, over 500 km to the south. However, larvae from these populations had signiÞcantly lower mortality than did those from Arizona, suggesting that selection for increased cold-hardiness may have occurred early in the speciesÕ northeastward invasion of the central United States. Temperatures inside intact maize root crowns, the overwintering location of D. grandiosella, were measured over three winters in Þelds near the speciesÕ northern range edge. Although air temperatures fell below Ϫ19ЊC for up to Þve consecutive days, root crown temperatures only approached Ϫ8ЊC for periods of a few hours, due primarily to an underappreciated mitigating effect of freezing soil water. Because larvae originating from the east central United States had Ͼ60% survival when exposed to Ϫ8.8ЊC for 2 d in the laboratory trials, mortality at the range edge caused by low temperatures was unlikely to have been severe for dry larvae during the three winters during which temperatures were measured. These results suggest that in most years, low winter temperatures are probably not the most important limiting factor at the speciesÕ northern range edge in the east central United States.
TO PREDICT HOW far an introduced pest species will extend its range into a new area or how a speciesÕ range will respond to climate change, it is necessary to understand what limits the range of a species. Both ecological and evolutionary approaches may be used to elucidate factors responsible for a speciesÕ range limit. Hoffmann and Blows (1994) suggested that when climate directly inßuences the extent of a species range, limiting factors may be fairly easily identiÞed by testing whether the resistance of susceptible stages to abiotic stresses (as determined in the laboratory) matches the levels of the stress at the range limit. In the case of an insect with its range limited by winter temperatures, the stress would be low temperatures and the resistance would be the speciesÕ cold hardiness. This ecological approach may not be as simple as it seems because it presupposes that both the level of stress at the range limit and the resistance of the species to the stress are known accurately. Thus, care must be exercised in applying this method. For example, assessment of insect cold hardiness is often made on the basis of movement of the insect soon after treatment. However, movement is not necessarily synonymous with survival (Leather et al. 1993, p. 142) .
Comparison of cold hardiness with weather records may also lead to incorrect conclusions because temperatures in the actual overwintering site may be quite different from mean daily air temperatures (Leather et al. 1993, p. 10) . Hoffmann and Blows (1994) also suggested an evolutionary approach to identifying limiting factors: observation of genetically based geographic variation in resistance characters. Although there are few studies of geographic variation in speciÞc traits known to be associated with range limits, it is generally assumed that selection imposed by limiting factors can produce such differences approaching the range edge (e.g., Kirkpatrick and Barton 1997 and references within) . In some insects, this assumption is supported by increases in cold hardiness associated with latitude (e.g., Saunders and Hayward 1998).
The southwestern corn borer, Diatraea grandiosella Dyar, is a specialist pest of maize, Zea mays L. It originated in Mexico (Kikukawa et al. 1984 ) but began invading the west central United States from eastern New Mexico in the 1920s (Baskauf 1999) . Because of the speciesÕ limited cold hardiness and high overwintering mortality in that part of the United States, it has been assumed that overwintering mortality regulates the northern range limit of the species (Chippendale and Reddy 1974 , Langille 1975 , Chippendale 1979 ). However, the northern range limit of D. grandiosella east of the Mississippi River, as predicted on the basis of winter mortality (Chippendale and Reddy 1974) , has never been reached. In fact, the speciesÕ range extension falls just short of some of the most maizerich counties in the United States (Baskauf 1999) . This suggests that overwintering mortality may not be limiting in this part of the range. Therefore, the purpose of this study was to evaluate the importance of overwintering mortality in limiting the northern range of D. grandiosella. Evolutionary and ecological approaches were used: seeking evidence of selection for increased cold hardiness in D. grandiosella at the northern range edge, and comparing overwintering temperatures actually occurring in the Þeld with temperatures causing mortality in the laboratory. Chippendale and Reddy (1974) , Langille (1975) , and Popham et al. (1991) evaluated the low temperature characteristics and survival rates in the laboratory of diapausing D. grandiosella larvae originating from southeast Missouri. They found that inoculative freezing occurred in D. grandiosella larvae when they were in contact with ice, with mortality low above Ϫ1ЊC, but complete below Ϫ6ЊC. It is reasonable to assume that inoculative freezing makes an important contribution to the high mortality that occurs in the Þeld when larvae experience wet overwintering conditions (Roberts 1957) . Nevertheless, it is unlikely that inoculative freezing is responsible for all low temperature mortality of larvae. Because of variation in tillage practices among maize Þelds, and variation in the condition of stubs within a Þeld, some larvae in an area are likely to remain dry in their overwintering chambers. It is the mortality of these dry larvae that is most likely to limit the presence of D. grandiosella in an area, because dry larvae are most likely to be the survivors that will found populations the next summer. Prediapausing D. grandiosella larvae produce silk during the preparation of their overwintering chambers, and in the laboratory under the very moist conditions inside artiÞcial diet cubes the larval chambers are completely lined with silk (S.J.B., unpublished data). In other species, silk has been shown to increase resistance to inoculation by ice (Danks 1991) , and it is possible that this is the case with D. grandiosella as well.
The supercooling points reported by Chippendale and Reddy (1974) , Langille (1975) , and Popham et al. (1991) ranged from Ϫ6.6 to Ϫ16Њ. Because D. grandiosella larvae always die and decay within a few days of being frozen (S.J.B., unpublished data), survival of dry larvae at temperatures below Ϫ16ЊC would appear to be impossible. The upper limit of low temperature mortality of dry larvae was not clear from these studies because they did not measure survival of dry larvae at intermediate temperatures over durations of Ͻ1 wk. Thus, an evaluation of the limiting effects of low winter temperatures requires additional measurements of mortality of dry larvae under conditions that might be likely to occur during short episodes of severe weather.
Geographic Comparison of Low Temperature Survival. Geographic differences in morphology and growth rate (Kikukawa et al. 1984, Chippendale and Mahmalji 1987) , photoperiodic induction of diapause (Kikukawa and Chippendale 1983) , and cannibalism (Dixon 1990 , Tarpley et al. 1993 have been shown to exist between populations of D. grandiosella in Mexico and the central United States, presumably as a result of selection of traits important for adaptation to local conditions. McCauley et al. (1990) showed that the central U.S. populations were differentiated from a Mexican population at neutral genetic loci as well, but that there was much less differentiation among populations in the central United States. Central U.S. populations were also different from an Arizona population, but were not as different as they were from the Mexican population (McCauley et al. 1995) . These results suggest that the recent origin of the central U.S. populations coupled with gene ßow might make genetic differentiation in that region unlikely, unless coupled with strong selection. Nevertheless, Takeda and Chippendale (1982) found differences in the critical photoperiod for diapause induction among populations from the central United States (Kansas, Missouri, and Mississippi), indicating that this response to photoperiod might be important for local adaptation. Similarly, if low winter temperatures are an important limiting factor at the northern D. grandiosella range edge, populations there should exhibit evidence of increased cold hardiness relative to populations at the center of the range.
Overwintering Temperatures Versus Low Temperature Survival Rates. D. grandiosella overwinters as a diapausing larva in the root crown of the maize plant, a few cm below the surface of the soil. If low temperature mortality is actually an important factor limiting the northern edge of D. grandiosellaÕs range, then one would expect temperatures in its overwintering location to fall into the range that produces signiÞcant larval mortality most winters. This leads to the hypothesis that if low winter temperatures are limiting at the northern D. grandiosella range edge, the magnitude and duration of minimum root crown temperatures should fall in the range producing signiÞcant mortality of diapausing larvae.
Larval mortality can be assayed under controlled laboratory conditions. However, because the magnitude and duration of low temperatures typically occurring in intact root crowns is likely to be quite different from air temperatures, it is important to measure temperatures in the Þeld directly, rather than relying on published air temperature records. Such microhabitat temperatures for insects have seldom been measured for an entire winter (Danks 1996) . In previous studies involving D. grandiosella (Langille 1975 , Popham et al. 1991 , daily soil records were used to infer temperature conditions in the root crown. However, these data did not have sufÞcient resolution to indicate how long the low temperatures lasted during each daily cycle. Recent advances in data logger technology provide an opportunity to measure overwintering temperatures to a high resolution.
Materials and Methods

Geographic Comparison of Low Temperature Survival.
In the fall of 1995, diapausing larvae were collected from three locations (Indiana, Mississippi, and Arizona) spanning the D. grandiosella range in the United States (Fig. 1) ; and these larvae were used to found separate laboratory colonies. Larvae were collected in Indiana (38.00778Њ N, 87.45550Њ W) at the northernmost location where sufÞcient numbers could be found. The low-temperature survival of this population which had potentially experienced selection for increased cold hardening was compared with one from the central part of the range in Mississippi (32.90Њ N, 90.00Њ W), an area with milder winter conditions. A population from southern Arizona (32.25Њ N, 109.75Њ W), an area where D. grandiosella was present before the range extension into the central United States (Morrill 1916) , was compared with the eastern populations to examine whether selection for increased cold hardening occurred sometime during the range extension. Vouchers of laboratory-reared adults originating from the Indiana and Arizona sites have been deposited in the Insect Museum of the University of Tennessee, Knoxville.
The collected larvae were stored for several months at 7ЊC on agar containing antimicrobial agents (Davis 1983) . Diapause was then terminated by exposing the larvae to 30ЊC and continuous light. F 1 larvae were produced and reared on artiÞcial diet using methods described in Chippendale and Cassatt (1985) . Details of diet preparation are described in Baskauf (1999) . The larvae were reared in a growth chamber under diapause inducing conditions of 23ЊC and a photoperiod of 12:12 (L:D) h. When nearly all larvae had undergone immaculate ecdysis (an indicator of the onset of diapause, Chippendale and Reddy 1972), they were removed from their food cubes and stored on antimicrobial agar at 7ЊC until used in a mortality assay several weeks later.
Previous studies of low temperature mortality either exposed larvae to temperatures low enough to produce larval mortality in a short period of time (cooled at 0.023ЊC/min to as low as Ϫ20ЊC, Popham et al. 1991) , or to temperatures below 0ЊC for several weeks (at Ð 4ЊC for 1, 2, or 4 wk, Chippendale and Reddy 1974; at Ϫ5 and Ϫ10ЊC for 20 d, Langille 1975) . Measurements of temperatures in the D. grandiosella overwintering location in the maize root crown (Figs. 2 and 3) indicate that conditions used in those experiments were far more severe than typical low temperature events near the edge of the range in Indiana. In this experiment, the diapausing F 1 larvae were exposed to treatments spanning the most severe conditions recorded in the Þeld measurements. The nine treatments consisted of all combinations of treatment temperatures (about Ϫ6.9, Ϫ8.8, and Ϫ10.0ЊC) and treatment durations (0.5, 2.0, and 8.0 d). Because results of preliminary trials had indicated that 2.0-d exposures produced intermediate levels of survival, larger samples were dedicated to treatments at that duration.
For each temperature treatment, larvae were placed in dry and open 32-ml plastic cups. Cups were arranged in arrays on wire mesh trays, with larvae from the three geographic locations interspersed in the array to guard against position effects resulting from heterogeneities within the chamber. The array was set up in a cold room (7ЊC) to prevent larval movement out of the open cups during the transfer from agar storage cups. The array was then placed in a temperature-controlled chamber (model I-30B, Percival ScientiÞc, Boone, IA) that had been equilibrated at the treatment temperature. Subsets of the array were removed from the chamber after 0.5, 2.0, and 8.0 d. The chamber temperature was monitored every 10 min by a solid-state temperature probe with a reported accuracy of 0.1ЊC. Because the temperature of the treatment chamber could not be held completely constant over the entire 8.0 d (temperatures typically varied about Ϯ0.25ЊC), the means of the sampled temperatures for the three durations varied slightly. After removal from the chamber, larvae were returned to their original agar cups at 7ЊC for 24 h before exposure to diapause terminating conditions. Control larvae experienced the same cup transfers, but remained at 7ЊC during the treatment interval. At temperatures above their supercooling point, many freeze-intolerant insects die from causes other than freezing (Bale 1987 (Bale , 1993 (Bale , 1996 . Thus, accurately assessing survival requires more than counting the number of unfrozen individuals after the treatment. To evaluate survival, rearing to pupation is a minimum criterion, and it is desirable and more ecologically relevant to continue rearing beyond that (Sømme 1996 , McDonald et al. 1997 . After treatment, all larvae were held at 30ЊC and continuous light to terminate diapause until they either eclosed as adults or exhibited discoloring and decomposition indicating death.
The goal of this part of the experiment was to determine whether D. grandiosella larvae originating from the range center survived exposure to low temperatures better than larvae originating from the northern range edge. Data from the 2.0-d low temperature exposures and control were used in the statistical analysis because, in addition to having the largest sample size, this duration produced survival that varied among both state of origin and temperature. Because the dependent variable (adult eclosion versus death) was discrete, results were analyzed using logistic regression (Sokal and Rohlf 1995) using JMP statistical software (SAS Institute 1995). The Þrst logistic regression analysis tested the signiÞcance of the independent variables state of origin, temperature, and the interaction term state of origin ϫ temperature. Because the interaction term was not found to be signiÞcant, it was omitted in further logistic regressions, which tested for signiÞcant differences between pairs of states. These comparisons were accomplished by the appropriate coding of the discrete variable state of origin. The coding variables were Arizona versus Indiana, which was given the value one when a larva was from Arizona and 0 when from Indiana, and Mississippi versus Indiana, which was given the value 1 when a larva was from Mississippi and 0 when from Indiana. The Þnal comparison of Arizona versus Mississippi must be generated by repeating the analysis using a similar coding scheme, but because the chisquare values for the other aspects of the model (temperature, intercept, and model as a whole) remain the same in any coding scheme, they were not duplicated in the results section.
Measurement of Temperatures in the Overwintering Location. The northern D. grandiosella range edge was determined to a high spatial resolution along a transect extending north into southwest Indiana. Pheromone traps were deployed during the summers of 1995 through 1998, and trapping results were veriÞed by Þeld surveys of larval activity in stubble each fall. Less dense trapping over a large portion of southern Illinois, Indiana, and central Kentucky conÞrmed the generality of the range edge location (Baskauf 1999) . Root crown and air temperatures were measured near this range edge: northwest of Evansville, IN (38.14Њ N, 87.65Њ W), in 1996 Ð1997, and south of Henderson, KY (37.74Њ N, 87.55Њ W), in 1997Ð1998 and 1998 Ð1999. To measure the root crown temperature, soil was carefully removed along one side of an intact maize stub. A cordless electric drill was used to drill a hole in the side of the root crown the same diameter as the external sensor of a temperature logger (StowAway XTI, Onset Computer Corporation, Bourne, MA) with a reported accuracy of 0.5ЊC. The sensor was inserted into the hole, and the hole was sealed around the sensor wire with silicone. The soil was then replaced around the root. The logger for this sensor as well as a second temperature logger used to measure air temperature were placed in a louvered polystyrene foam box 1.5 m above the ground. The stub containing the sensor was surrounded at a distance of Ϸ0.5 m by wire mesh fencing to prevent disturbance by animals. Temperatures were measured every 1.0 Ð1.6 h starting in early December and continuing until the end of February or later. During 1997Ð1998, one sensor was placed in a girdled stalk containing an actual D. grandiosella overwintering chamber, and another was placed in an adjacent uninfested stalk to see if the modiÞcations made by the insect to the stalk affected the temperature.
Results
Geographic Comparison of Low Temperature Survival.
Exposure to temperatures ranging from Ϫ6.9 to Ϫ10.0ЊC for 0.5 d had little effect on survival of dry, diapausing larvae regardless of the state of origin (Table 1). In contrast, no larvae survived exposures ranging from Ϫ7.4 to Ϫ10.0ЊC for 8.0 d. After 2.0 d of exposure, survival varied among states and declined noticeably as temperatures declined from Ϫ6.9 to Ϫ10.0ЊC.
Logistic regression analysis shows that both state of origin and temperature had highly signiÞcant affects on survival after 2.0 d of exposure (P Ͻ 0.01 and P Ͻ 0.001 respectively), whereas there was no signiÞcant interaction between these two factors ( Table 2 ). The positive sign of the temperature coefÞcient indicates that increase in temperature resulted in an increased probability of survival, as one would expect. A more positive state coefÞcient indicates an increased prob-ability of survival following exposures at a given temperature for stocks originating from that state; thus, survival for a given exposure temperature was greatest for Mississippi larvae, intermediate for Indiana larvae, and least for Arizona larvae.
The second logistic regression showed no signiÞ-cant difference between low temperature survival of Indiana and Mississippi larvae, whereas survival of larvae from either of these eastern states was signiÞ-cantly greater than survival of Arizona larvae (Table  3 , P Ͻ 0.001 for both comparisons).
Measurement of Temperatures in the Overwintering Location. Root crown temperatures were compared with air temperatures in 1996 Ð1997 and 1997Ð 1998. The most severe root crown low temperature events that occurred are annotated with their durations and minimum temperatures in Figs. 2 and 3. Air temperatures fell below Ϫ19ЊC on up to Þve consecutive days, but root crown temperatures never fell below Ϫ8ЊC and reached temperatures below Ϫ4ЊC for periods of only 5 h or less. Equipment failure prevented the collection of air temperatures in 1998 Ð 1999. However, root crown temperatures never fell below Ϫ3ЊC during the entire winter. Infested and uninfested root crown temperatures in 1997Ð1998 were virtually identical (r ϭ 0.9940, N ϭ 1788), thus only the uninfested root crown temperatures are shown in Fig. 3 .
At temperatures above 0ЊC, the root crown temperatures lagged the air temperatures by a number of hours. This resulted in a reduction by 2Ð3Њ of both maximum and minimum temperatures occurring within the root crown (Figs. 2 and 3) . However, because the root crown was located only a few centimeters below the soil, the temperatures there still tracked mean daily temperatures fairly closely at temperatures above 0ЊC. In contrast, root crown temperatures remained at 0ЊC for as long as 6 d of continuous air temperatures below 0ЊC (Fig. 2) . The length of time that root crown temperatures remained at 0ЊC was dependent on the previous temperature history: when temperatures were high during the preceding week, the amount of time that temperatures delayed falling below 0ЊC was long (e.g., Fig. 2 , JD 13 [Julian a All larvae in the 0.5, 2.0, and 8.0 trials for a given temperature were placed in the chamber simultaneously and removed after the indicated time had elapsed.
b Measured at 10-min intervals over the course of the experiment. Temperatures for a given treatment vary among the durations because the chamber temperature could not be held completely constant over the entire course of the experiment (typical SD ϭ 0.25ЊC). .693*** **, P Ͻ 0.01; ***, P Ͻ 0.001; NS, P Ͼ 0.05. a Probability of eclosion is e g /(1 ϩ e g ), where the quantity g is calculated from the sum of the intercept, the continuous term, and the discrete terms. The continuous term (temperature) is calculated by multiplying the coefÞcient by the celsius temperature. The discrete terms (state, state ϫ temperature) are the values for the appropriate state. .039*** ***, P Ͻ 0.001; NS, P Ͼ 0.05. a The comparison of Arizona versus Mississippi generated using an alternative coding scheme resulted in 2 ϭ 37.077***. b The probability of eclosion is e g /(1 ϩ e g ), where the quantity g is the sum of the intercept plus each variable multiplied by its coefÞcient.
date ϭ day of the year]), whereas delays were short when temperatures were low during the preceding week (e.g., Fig. 2, JD 28) .
Discussion
Geographic Comparison of Low Temperature Survival. The increased survival of Indiana and Mississippi larvae relative to Arizona larvae indicates that the protocol used possessed sufÞcient power to demonstrate differences in cold hardiness. The coldest winter climate along the path through which the founders of the eastern U.S. population passed (Fig. 1) occurs in eastern New Mexico and the Texas high plains (Baskauf 1999) . Nowhere from Mississippi north to southwest Indiana are mean minimum January temperatures as low as there (Baskauf 1999) . The increased cold hardiness of a population in the southeastern part of the range (Mississippi) relative to one near the source of the range extension (Arizona) is consistent with the hypothesis that selection for increased cold hardiness occurred early in the extension (i.e., in New Mexico and Texas). The similarity in low temperature survival between Indiana and Mississippi populations suggests that the early selection was probably more severe than that currently experienced at the northeastern range edge (i.e., in Indiana), and that the costs in maintaining increased cold hardiness in the south (i.e., in Mississippi) are not high.
These results are consistent with the patterns in variation of neutral genetic markers in the range of D. grandiosella (McCauley et al. 1990 (McCauley et al. , 1995 . This variation among sites throughout the central U.S. range was much smaller than the variation between an Arizona population and the central U.S. populations, indicating that differentiation occurred as the species moved from the southwest to the central United States.
Characteristics of Temperatures in the Overwintering Location. Because infested and uninfested root crown temperatures were virtually identical, modiÞ-cations of the root crown made by D. grandiosella probably have little effect on the temperatures experienced by the insect. Only a thin layer of root tissue separates the overwintering larva from the soil, hence the temperatures experienced by an overwintering larva are probably a function primarily of the thermal characteristics of the surrounding soil. This assumption is consistent with the observed temperature trends.
The behavior of root crown temperatures when air temperatures were below freezing may be explained as follows. Because water temperatures remain at the freezing point until all liquid is frozen, the root crown temperatures remained at the freezing point of the soil water (Ϸ0ЊC) until all water in the vicinity of the root crown was frozen. Three factors are likely to contribute to maintaining the root crown temperature at 0ЊC for extended periods of sub-zero air temperatures. The Þrst is the heat of fusion of water, which must be removed before freezing is complete. The heat of fusion of water is large in comparison to the heat that must be removed to lower the temperature of the water at temperatures above zero. The second factor is the ßow of heat up from soil layers below the root. If these layers were warm, they would replace much of the heat ßowing from the surface of the soil, increasing further the time required for complete freezing, and resulting in the longer delays associated with preceding periods of warm weather. The third factor is the presence of snow. There was little snow associated with the sub-zero Celsius events recorded here; but if there had been, its presence would have increased the mitigating effects the freezing soil water by decreasing surface heat loss through both decreased conduction (resulting from the insulating properties of snow, Danks 1991) and decreased nighttime radiation (resulting from the high surface albedo).
This phenomenon suggests that the effect of soil moisture on insect overwintering mortality may be more complex than generally recognized. Although increased soil moisture may result in increased mortality via inoculative freezing, it may instead increase survival by preventing temperatures from falling below the freezing point of water when intervals with sub-zero air temperatures are short. The existence of this phenomenon would not be apparent from an examination of either air temperatures or mean daily soil temperatures (quantities typically used for comparison in cold hardiness studies) and illustrates the importance of measuring winter temperatures at a high temporal resolution in the insectÕs actual overwintering location.
Comparison of Temperatures in the Overwintering Location with Low Temperature Survival Rates. Results of the laboratory survival trials (Table 1) , in conjunction with supercooling points determined in previous studies, indicate that an increasing proportion of dry larvae die as the temperature declines from about Ϫ7 to Ϫ16ЊC with the effects becoming more severe as the length of exposure increases. Because the present experiment was performed on laboratoryreared larvae, its results do not include the effects of the putative environmental ice nucleator (Popham et al. 1991) . If present, such a nucleator would increase the severity of the effects of low temperatures on dry larvae.
Comparison of laboratory survival data and records of root crown temperatures allow an evaluation of the low temperature mortality likely to have been experienced by diapausing D. grandiosella in the Þeld. During the most severe weather event recorded during the three winters during which temperatures were monitored (Fig. 2, JD 9 Ð20 ), root crown temperatures fell below 0ЊC for only a few hours on JD 13 and JD 14 and reached a low temperature of Ϫ8.0ЊC. These conditions could result in inoculative freezing for larvae under moist conditions, but would have little or no effect on dry larvae. On JD 28, the temperature fell to Ϫ2 to Ϫ3ЊC for a 24-h period, but this condition would also be unlikely to have any effect on dry larvae.
When compared with mean temperatures of the previous 20 yr, the winter of 1996 Ð1997 (Fig. 2) was average in Evansville, IN, and 1997Ð1998 (Fig. 3) and 1998 Ð1999 were milder than average. Thus, conditions during average to mild winters are unlikely to result in any signiÞcant mortality from low temperatures to dry larvae near the current D. grandiosella range edge in Indiana. Mortality during colder than average winters in that area cannot be predicted without root crown data from a severe winter. However, trap captures near Henderson, KY, after the relatively severe winter of 1995Ð1996 were greatly reduced relative to the previous year (Baskauf 1999) , suggesting that moderately severe winters in this area have the potential to reduce D. grandiosella populations, but not necessarily to eliminate the species.
Pheromone trap abundance data at the range edge for the summers after the three winters during which temperatures were monitored (Baskauf 1999) show that populations did not increase to levels commonly observed further to the south, despite temperatures too mild to be likely to produce high mortality from freezing. This also supports the conclusion that some factor other than low winter temperatures is limiting abundance at the range edge.
In conclusion, the lack of differences in coldhardiness between larvae from the northeastern range edge and from the range center support the conclusion that low winter temperatures are probably not responsible for the range limit there. It is possible that selection for increased cold hardiness is occurring at the northern range edge, but that it is either not strong enough to overcome gene ßow from the range center, or insufÞcient time has elapsed for a response to the selection to be evident. However, these possibilities seem unlikely, because the species was previously able to invade an area where low winter temperatures were more severe, and it apparently responded by increased cold hardiness.
The results of mortality and root crown temperature measurements in this investigation also suggest that low winter temperatures are probably not limiting the range of D. grandiosella east of the Mississippi River in most years. Although widespread extinction of D. grandiosella in Indiana, most of Kentucky, and middle and eastern Tennessee was reported after the severe winters of 1976 /1977Ð1978/1979 (USDA 1980 ), a string of cold winters that severe was predicted to occur on average only once every 550 yr (90% conÞdence interval: 524 Ð578 yr; Karl et al. 1984) . Thus, strong selection for increased cold hardiness caused by severe winters may be a rare occurrence in the part of the east central United States occupied by D. grandiosella. Although severe weather episodes capable of producing D. grandiosella population declines and selection for increased cold hardiness would undoubtedly occur frequently at latitudes located sufÞciently far north, they apparently do not at the range edge in southwest Indiana.
Because the progress of its range extension ( Fig. 1 ) was so well documented in the agricultural literature (detailed compilation in Baskauf 1999), D. grandiosella provides an unusual opportunity to observe how the history of an invading species affected its evolution. Without knowledge of this history, interpretation of the results of the geographic comparison of low temperature survival would not have been possible. This study also illustrates the importance of careful measurement of the overwintering environment of an insect. Such measurements are important in understanding the true stresses experienced by a species.
